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The present work gives an overview of the existing knowledge on radiative transfer 
in packed and fluidized beds. Special emphasis is given to the proper usage and 
determination of radiation characteristics of the particles in these systems. Models 
that treat the particulate bed as a continuum are discussed along with those that con-
sider the system as discontinuous, i. e., accounting for the phase boundaries between 
the gas and the particles. Existing experimental techniques for determining the 
radiative properties are presented, and the published bed transmittance and reflec-
tance data are discussed and compared with the theoretical predictions. Interaction 
of radiation with other modes of heat transfer is also examined. 
1 Introduction 
Many modern technologies and industrial processes utilize 
packed and fluidized beds of solid particles operating at 
temperatures high enough for thermal radiation to be a signifi-
cant mechanism of heat transfer (Flamant and Arnaud, 1984; 
Saxena et al., 1978). Some examples are coal combustors, 
chemical reactors, and nuclear fuel rods. Other types of 
packed beds in which thermal radiation is important, even 
though the temperatures may not be high, are those where 
other modes of heat transfer have been suppressed, such as 
packed cryogenic microsphere insulations (Tien and Cunn-
ington, 1973). Since most packed and fluidized beds are 
characterized by either high volume fractions of particles or 
large particles, or both, many features are unique for analyz-
ing such systems. These features are discussed in this paper. 
Only gas systems are considered here since most applications 
of interest, such as those mentioned above, fall in the category 
of gas fluidized and packed beds. 
Packed beds are usually characterized by densely packed 
particles that do not move during normal operation. The high 
volume fraction is generally coupled with either an absence of 
fluid motion or low fluid velocities. This restricts the convec-
tion contribution and renders radiation a dominant mode of 
energy transport. Fluidized beds, on the other hand, have 
lower volume fractions but higher fluid velocities. In many ap-
plications, however, the contribution of radiation to the total 
energy transport remains significant due to the high operating 
temperatures. Table 1 shows various representative values that 
characterize packed and fluidized beds (Ulrich, 1984; Flamant 
and Arnaud, 1984). A schematic depiction of the various types 
of packed and fluidized beds is presented in Fig. 1. A review 
by Haughey and Beveridge (1969) describes the structural 
properties of packed bed systems. 
Previous studies of radiative heat transfer through packed 
and fluidized beds have employed a variety of analytical and 
experimental techniques. Vortmeyer (1978) summarized some 
earlier radiation models using unit cell representations for 
analyzing packed beds. Such cell and layer models, in con-
junction with Monte-Carlo methods, are also used by Chan 
and Tien (1974a) to evaluate radiative characteristics of 
packed beds of fixed porosity and regular structure, by Yang 
et al. (1983) for randomly packed beds of uniform spheres, 
and by Kudo et al. (1985) who examined different types of 
packing and variation in volume fraction. Brodulya and 
Kovensky (1983) used the cell approach by evaluating exact 
view factors in the unit cell by assuming the surfaces to be 
isothermal and diffuse. Heat transfer in fluidized beds was 
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reviewed by Saxena et al. (1978). Glicksman and Decker 
(1982) examined the role of radiation and particle packing on 
the heat transfer from immersed surfaces to particles in 
fluidized beds. Combined wall-to-fluidized bed heat transfer 
was studied by Flamant and Menigault (1987). Brewster and 
Tien (1982a) examined the issue of dependent versus inde-
pendent scattering in packed and fluidized beds. 
Table 1 Characteristics 
Bed diameter (m) 
Bed height (m) 
Porosity 
Particle diameter (m) 
Fluid velocity (mis) 






Overall heat transfer 
coefficient (J/sm2K) 
Percent of radiation in 
total heat transfer (750°C) 
of gas fluidized and fixed beds 
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Fig. 1 Types of packed and fluidized beds 
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Combined radiative and conductive heat transfer in packed 
beds has been the subject of many studies (Chan and Tien, 
1974b; Bergquam and Seban, 1971). Simultaneous radiative-
convective transfer in packed and fluidized beds has also been 
studied (Echigo et al., 1974; Tabanfar and Modest, 1987). Ex-
perimental measurements of radiant transmission through 
packed and fluidized media have been reported by various 
researchers. The effective scattering and absorption cross sec-
tions of isothermal beds of glass, aluminum oxide, steel, and 
silicon carbide spheres, cylinders, and irregular grains were 
obtained by Chen and Churchill (1963). Similar measurements 
through packed and fluidized beds of glass beads were 
reported by Cimini and Chen (1987). Local heat transfer coef-
ficients in large-particle fluidized beds were measured by 
Goshayeshi et al. (1986) and wall-to-bed heat transfer by Fla-
mant and Menigault (1987). 
2 Theoretical Basis of Thermal Radiation in 
Packed/Fluidized Beds 
Packed and fluidized beds are multiphase systems consisting 
of solid particulates and gases (liquid systems are not con-
sidered here). Thermal radiation within these beds usually is 
the result of emission by the hot walls and the gas-particle 
mixture. This radiation undergoes complex interactions with 
the bed primarily due to absorption and scattering processes. 
The three primary radiative properties that characterize the in-
teractions of radiation with the particulate bed are the scatter-
ing coefficient, the extinction coefficient (i.e., sum of scatter-
ing and absorption coefficients), and the scattering phase 
function. These properties are adopted primarily due to the 
following considerations: (0 the theory of electromagnetic in-
teraction with particles yields these values first, (ii) they can be 
directly obtained from experimental measurements, and (Hi) 
other values can be inferred from these primary properties. 
For example, the absorption coefficient cannot be directly 
measured from light scattering experiments. It is obtained in-
directly by measuring the scattering and extinction losses from 
the incident beam and evaluating the difference between the 
corresponding extinction and the scattering coefficients. 
Computation of the transport of thermal radiation in the 
particulate system requires an accurate knowledge of these 
primary radiative characteristics. This is evident by consider-
ing the propagation of radiation within an absorbing, emit-
ting, and scattering medium, which is governed by the equa-
tion of transfer (Kerker, 1961; Siegel and Howell, 1981; 
Ozisik, 1973): 
en • V/X(r, en) = - (CT„X + a,x)/x(r, e0) + aaXIbx (T(t)) 
47T 
4( r , eB>)$(ea>-~eu)dQ' 
J4TT 
(1) 
where 7X is the monochromatic radiation intensity, T the 
medium local temperature, r the position vector, ea the unit 
vector in the direction of consideration, and 0 the solid angle 
centered around e0. The coefficients are denoted by a and the 
subscripts a, e, s refer to absorption, extinction, and scatter-
ing, respectively. The first term on the right-hand side of the 
equation of transfer represents the attenuation of intensity due 
to absorption and scattering, the second term represents the 
gain due to emission, and the last term is the gain due to the in-
scattering into the direction efi from all other directions. The 
intensity 7X is defined as the energy per unit area per unit solid 
angle per unit wavelength and the scattering phase function 
$(eQ ' — ea) is a specification of the radiation intensity scat-
tered from the direction eQ' into the direction under con-
sideration, normalized by the isotropic scattered radiation in-
tenstiy, i.e., $(ea' —en) = 1 for isotropic scattering. The dif-
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ferent methodologies for solving equation (1) are discussed in 
Section 4, 
The radiative coefficients are defined as the fraction of the 
corresponding energy loss from the propagating wave, per 
length of travel. The units for the coefficients a are inverse of 
length, whereas the phase function is dimensionless. The 
radiative coefficients are functions of the optical constants of 
the bed materials and of the particle size, shape, and packing, 
where the optical constants are functions of the wavelength. 
The phase function is a strong function of shape and varies 
from the predominantly forward scattering for large particles 
to the semi-diffuse for small. 
Thermal radiation in packed and fluidized beds is un-
polarized by nature and Ix represents the unpolarized intensi-
ty. Another important quantity, which is of greater interest 
than the intensity, is the heat flux. The radiative heat flux vec-
tor qr is given as (Ozisik, 1973) 
qr(r)=qreq = j ^ j ^ 7x(r, e0)ea-eqdQ (2) 
where eq is the unit normal vector to the unit area across which 
the flux is being measured. Integrating equation (1) over all 
angles and wavelengths yields the following equation for the 
divergence of the radiative flux (Ozisik, 1973): 
• q,(r) = 4irj^ aaXIyj,{T(t))dK 
I /x(r,e0)dIMX (3) 
The energy equation accounts for radiation, convection, 
and conduction modes of energy transfer and can be written in 




+ ( W ) T v-/cvr+ v-qf (4) 
where Tis the temperature, v the velocity vector, p the density, 
Cp the specific heat, k the thermal conductivity, and t time. 
The effect of viscous dissipation has been neglected in the 
above equation. The energy equation obtained by combining 
equations (1), (3), and (4) is integro-differential and nonlinear, 
and cannot be simplified to a differential equation in most 
situations without neglecting readiative processes in the energy 
transfer. The full equation does not lend itself to simple 
closed-form solutions and direct numerical solutions require 
immense computational effort. Combinations of radiation 
with the other modes of heat transfer were first studied for 
cases where only radiation and conduction were present, 
which is characteristic of packed beds. In fluidized-bed 
systems, convection and radiation are the important 
mechanisms of energy transfer as indicated by experimental 
studies (Goshayeshi et al., 1986). Solutions have been 
obtained by incorporating simplifying approximations such as 
an isotropically scattering gray medium (Yener and Ozisik, 
1986), and a linearly anisotropic scattering medium (Azad and 
Modest, 1981). 
The focus of this section so far has been on the transport of 
radiative energy as described by the equation of transfer. The 
equation of transfer treats the medium as a continuum where 
each volume element absorbs, emits, and scatters radiation. 
The exact positions of the different particles in the volume are 
not considered; only volume-averaged values of the radiative 
properties are used. Other methods, which do not treat the 
medium as a continuum and, instead, take into account the 
position of particles and the boundaries between the solid and 
the gas phase, are termed the discrete models of radiative 
transfer. Such models usually utilize ray-tracing or view-factor 
techniques and are most useful for analyzing beds with large 
particles and high volume fractions. These models are 
discussed in Section 4. 
3 Thermal Radiation Characteristics of Packed/ 
Fluidized Beds 
In homogeneous media such as gases, absorption and emis-
sion are the major radiative mechanisms. If the medium con-
tains inhomogeneities, such as the particles in packed or 
fluidized beds, the additional mechanism of scattering is in-
troduced. These absorption and scattering processes are 
governed by electromagnetic field equations and their 
associated boundary conditions at all interfaces. The resulting 
analytical problem is formidable and is usually solved by using 
simplifying assumptions: idealized geometry of the scatterers, 
independent scattering and absorption, homogeneous 
distribution of particles, and others discussed in the following 
sections. 
Absorption and Scattering by a Single Particle. The ab-
sorption and scattering characteristics of a single particle are 
described by the solution of the electromagnetic field equa-
tions. Physically, they can be explained by the processes of 
reflection, refraction, and diffraction. When an elec-
tromagnetic wave strikes the particle surface, a portion of it is 
reflected while the remainder penetrates the particle. The 
beam within the particle may experience some absorption and 
multiple internal reflections before it escapes out of the parti-
cle in different directions, giving rise to scattering. This scat-
tering is the contribution by refraction. The diffraction scat-
tering process originates from the bending of the incident 
beams near the edge of the particle. Consequently, even a 
completely absorbing particle scatters radiation. 
Scattering and absorption characteristics of a particle are 
governed by three factors: the particle shape, the particle size 
relative to the wavelength of the incident radiation, and the 
optical properties of the particle and the background medium 
(Tien, 1985). For the particle shape, general solutions are 
available for only a few common shapes such as spheres, 
cylinders, and spheroids (Kerker, 1961; Bohren and Huffman, 
1983). The solutions are complicated even for these simple 
cases. The second factor is commonly expressed by a size 
parameter a, which is defined as (wD/\) for spheres, where D 
is the diameter and X is the wavelength. The last factor is 
represented by the complex refractive index m defined as 
(n + k) where n is the index of refraction and K is the index of 
absorption. It should be noted that m= (n — k) if the incident 
wave is assumed proportional to exp(/W)> where o> is the 
angular velocity and t is time. In this paper it is assumed that 
the proportionality is exp(-jW) and hence m= (n + in.). The 
background medium is assumed to be nonparticipating, i.e., 
m= 1.0, and thus requires no further consideration. 
The solution of the electromagnetic field equations yields 
the internal and scattered electromagnetic fields from which 
the corresponding extinction and scattering cross sections Ce 
and Cs are obtained. The cross sections are defined as the ratio 
of the energy loss to the incident energy flux and have the units 
of area. Efficiencies are defined as the dimensionless ratios of 
cross sections to the geometric cross-sectional area G, i.e., 
Qp = Cp/G (p = a,e,s) (5) 
where G = xD2 /4 for spheres of diameter D. The phase func-
tion for spheres is defined as 
* ( e c - e „ ' ) = 
w2D2 / , ( e 0 - e 0 ' ) 
(6) 
where 7, is the intensity of the incident wavelength. The scat-
tering phase functions for spherical particles of three different 
sizes have been plotted in Fig. 2. Figure 3 shows the absorp-
tion, extinction, and scattering efficiencies for a range of size 
parameters 0 < a < 1 5 , m= 1.29 + /0.472. 
The solutions of the electromagnetic fields are usually in the 
form of an infinite series (Bohren and Huffman, 1983; 
Wiscombe, 1980) or complicated functions of a and m. 
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Fig. 2 Scattering phase functions for small, intermediate, and large 
values of a and m 
O) 
Fig. 3 Absorption, scattering, and extinction efficiencies of a 
spherical particle 
However, simple expressions exist for some limiting cases that 
are of greatest importance for fluidized and packed bed ap-
plications. The first of these is the small particle limit, i.e., 
a«1, which is important for packed-bed systems such as 
microsphere insulations. This is called the Rayleigh limit. The 
second is the large particle, or geometric limit, characteristic 
of packed and fluidized bed combustors. The Rayleigh limit 
offers simple algebraic equations for radiative properties of 
small particles though no significant saving of computational 
time. In contrast to this limited numerical expediency, large 
computational savings are possible by using geometric scatter-
ing assumptions over the Mie theory. 
For a small (Rayleigh) isolated particle of size parameter a, 
the extinction and scattering efficiencies corresponding to un-
polarized incident radiation, obtained from the Mie theory (to 
terms of order a4 , a<SCl) are (Kerker, 1961; Bohren and 
Huffman, 1983) 
, , - 1 
&,(«, e) = 4alm K4if) 
-27e + 38 
a4Re 
2e + 3 
1 
K-Sf)} 
Cs(a, e) = 
6 + 2 
(7) 
(8) 
where e = m2. The corresponding phase function is 
3 
4(9) = — (1 + cos2 9) (9) 
where 9 is the polar angle between scattering and incident 
directions. 
The simplicity of the Rayleigh-scattering approximations 
makes them appealing for computing radiative characteristics 
of small particles. Even though the limit a « 1 is used to in-
dicate the Rayleigh limit, Ku and Felske (1984) have discussed 
in some detail the range of parameters a and m for which the 
above equations can be used without causing significant error. 
Packed beds of microspheres and ultrafine powder, used for 
insulation purposes, and certain fluidized beds fall in these 
categories. 
The geometric or large-particle limit is difficult to handle 
through exact solutions involving series expansions because 
large numbers of terms (approximately 2a + 2) are required to 
obtain convergence (Wiscombe, 1980). Additionally the large 
value of the arguments of the mathematical functions involved 
makes the terms in the series very difficult to evaluate. To 
overcome these hurdles concepts from geometric optics are in-
troduced to analyze particles with large size parameters. 
Geometric optics uses the method of tracing rays as they 
undergo refractions and multiple reflections at the interfaces 
and absorption within the particle. 
The total energy scattered by a large sphere may be written 
as the sum of diffracted, reflected, and transmitted com-
ponents. Consequently the scattering efficiency is expressed as 
Q, = Qd + Q«r+Qn Qd = i (10) 
where the subscripts d, ref, and / denote diffraction, external 
reflection, and transmission, respectively. For large absorbing 
spheres all the energy entering the sphere is eventually ab-
sorbed, yielding Q, = 0. The extinction efficiency for large 
spheres is shown to be (Boheren and Huffman, 1983; Kerker, 
1961) 
l imQ e = 2 (ID 
implying Qa = 1 - Qre/~ Q,. The phase function for large par-
ticles is strongly forward scattering and must be determined by 
ray-tracing methods. 
For large opaque spheres the efficiencies can be approx-
imated as (Siegel and Howell, 1981) 
a = ^x. Q, = l - < * (12) 
where e is the emissivity of the surface of the particles. The 
phase function is approximately isotropic, i.e., 4(9) = 1, if the 
sphere is specularly reflecting, and is 
$(9) = (sin < 
3-7T 
cos 9) (13) 
if the spheres reflect diffusely. Since large particles in most 
packed and fluidized beds such as chemical reactors and coal 
combustors are diffuse, the expressions presented above repre-
sent a significant saving of computational resources compared 
to the complete Mie series solution. 
If the diffraction component is treated as part of the prop-
agating beam, restrictions are placed on the lower size limit for 
the geometric scattering to ensure that the scattered portion 
due to diffraction is indeed in the forward direction. The ex-
tinction efficiency is taken to be equal to unity instead of two 
since the diffraction portion is omitted. Similarly 
Qs — Qre/ +Qt = l~Qa- If the scattered light in a cone of half 
angle of 5 deg is considered as part of the propagating wave, 
the lower limit for geometric optics (without diffraction) is 
a=115 . 
Absorption and Scattering of a Particulate System. Scat-
tering and absorption characteristics of many particles in close 
packing or fluidization can be obtained from the single-
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Fig. 4 Independent and dependent scattering regime map 
particle characteristics. The procedure depends on the scatter-
ing regime to which the system of particles belongs. Based on 
the size parameter a and the particle volume fraction/,,, the 
regime map shown in Fig. 4 is divided into regimes: one where 
independent theory is an adequate representation, and the 
other where interparticle interactions must be accounted for. 
The independent theory is based on'the assumption that 
each particle in the assembly scatters and absorbs radiation 
unaffected by the presence of other particles. Thus the extinc-
tion and scattering of energy by the system is expressed by a 
simple algebraic addition of the energy extinguished and scat-
tered by each primary particle. The cross section for the 
system of TV particles is the sum of the cross sections of each 
particle, and the individual particles are assumed to scatter 
and absorb radiation independently of the others. For iden-
tical particles this leads to the following expressions (Bohren 
and Huffman, 1983; Ozisik, 1973): 
/eA/ — E'« --NI., CeN~ Lj Cej-NC, eM> 
7=1 7=1 
CSN - ZJ CSJ - NCsM, $ N - * M , QeN — QeM, QsN - QsM 
7 = 1 
(14) 
Here the subscript M indicates the value obtained for a single 
particle (Mie theory). The corresponding coefficients for the 
medium are obtained by 
-'pN NC, 
V 
pM (p = a, e, s) (15) 
where V is the volume containing N particles. For beds of 
monodisperse spherical particles of diameter D 
3 m pN 
D 
(p = a, e,s) (16) 
In essence, the independent theory assumes no elec-
tromagnetic interaction between the various particles in the 
system and that each particle has the same incidence. In-
terference of the waves scattered from the different particles is 
also neglected. Thus the resultant properties of the system are 
simply an algebraic sum of the corresponding properties of the 
individual particles that constitute the system, where each par-
ticle is assumed to be alone in the imposed incident field. 
Intuitively the assumptions associated with the independent 
theory seem valid when the clearance between particles is 
significantly larger than the diameter and the wavelength, as 
well as when the particles are randomly distributed in space 
and time. As discussed in the following sections the ratio of in-
terparticle clearance to the diameter of the particles is not of 
consequence for randomly distributed homogeneous particles 
whereas the ratio of clearance to the wavelength is. 
Results using the independent theory are far simpler, and 
wherever justified it is advantageous to use them over the ex-
act expressions that account for interparticle effects. 
Departure from independent theory occurs in a densely 
packed system, where the close spacing of the particles renders 
invalid the assumption that each particle acts independently of 
the others. Dependent effects are introduced into the radiative 
characteristics by two mechanisms. The first is the near-field 
interparticle effect by which the net incidence on the particles 
is modified as well as the internal fields, and consequently 
both the extinction and scattering characteristics of the system 
are changed. The second is due to coherent addition of scat-
tered radiation in the far field, which is manifested by a 
change in the scattering characteristics only (Tien and Drolen, 
1987; Kumar and Tien, 1987). In reality, dependent effects are 
always present but may be neglected under certain conditions. 
It is thus important to quantify demarcation criteria that 
separate the regions where the independent assumption is a 
good approximation from those where dependent effects can-
not be ignored. 
It is seen that the dependent effects are a function of size a 
and the volume fraction / „ . These can also be replaced by c/X 
and/„ , since c is directly related to a and/„ by the following 
relation: 
c a / 0.905 \ 
c 
The correlation is 
limited range of size 
by assuming a rhombohedral lattice structure. Here c is the 
clearance between particles defined as the difference between 
the center-to-center distance between two particles and the 
sum of their radii. The realization that dependent effects are a 
function of c/X and /„ was first introduced by Hottel et al. 
(1971). Prior to this, dependent effects were believed to be a 
function of center-to-center particle separation only. Hottel et 
al. (1971) suggested that the dependent scattering was impor-
tant when c/X0 <0.3 and presented the following correlation: 
logjologioC-TT1-) = 0 . 2 5 - 4 . 1 - ^ - , -?- <0.3 (18) 
where X0 is the wavelength in a vacuum 
based on experimental data for 
parameter, a = 0.78 to a = 2.39. 
Figure 4 shows a regime map (Tien and Drolen, 1987) for 
dependent and independent scattering efficiencies considering 
only coherent addition effects. The transition from dependent 
to the independent asymptote is gradual and thus a sharp tran-
sition demarcation is not apparent. The line separating depen-
dent and independent regimes in Fig. 4 corresponds to a 5 per-
cent deviation from the independent (Mie) theory. It is given 
by c/X = 0.5, which is slightly higher than c/X = 0.3 (Brewster 
and Tien, 1982a) but is in good agreement with that of Hottel 
et al. (1971), who stated that the measured scattering efficien-
cy is within 5 percent of the independent theory if c/X0 = 0.37, 
which for their case yields c/X = 0.49. Experimental verifica-
tion of these limits has been discussed in the literature 
(Brewster and Tien, 1982a; Yamada et al., 1986; Drolen et al., 
1987) and has been reviewed in depth by Tien and Drolen 
(1987). Some experimental data have been plotted in Fig. 5 in-
dicating the origin of the demarcation line. 
Even though the demarcation criterion for coherent addi-
tion has been established in the literature as indicated above, 
i.e., c/X = 0.5, the demarcation for the near-field interactions 
has not been studied. Coherent addition is not dependent on 
the refractive index m of the material, whereas the near-field 
correction is a strong function of m. This introduces another 
parameter that must be considered and thus precludes a cor-
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Fig. 5 Experimental data lor independent and dependent scattering 
regime 
Fig. 6 Experimental apparatus for particulate radiation characteristics 
responding regime map from being two-dimensonal until 
other appropriate variables are identified that can adequately 
indicate the demarcation limits. 
The expressions for the radiative characteristics that include 
dependent effects have been developed in the literature. The 
absorption efficiency is obtained as (Kumar and Tien, 1987) 
laN- = 4alm [*£-)] (19) 
for Rayleigh particles, where f is the near-field correction fac-
tor. The scattered intensity and scattering cross section are 
evaluated by defining a form-factor F(fi) as (Tien and Drolen, 
1987; Kumar and Tien, 1987) 
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coherent addition corrections are presented in Tables 2-4. 
These expressions are developed by using statistical particle-
distribution functions g(R). The distribution g is the ratio of 
the number of particles at a radial distance R = r/D from the 
central particle to the average number density N/Vof the par-
ticulate bed. Different distribution functions have been used 
in Tables 2-4, namely the gas model, packed-sphere model, 
liquid model, and Percus-Yevick model, which have been 
discussed in the review by Tien and Drolen (1987) and by 
Kumar and Tien (1987). It has been shown that the theoretical 
results obtained by using the Percus-Yevick distribution (Per-
cus and Yevick, 1958) show the best agreement with ex-
perimental measurements (Drolen et al., 1987). This model is 
however very computationally intensive and is therefore 
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Fig. 7 Transmittance and reflectance for packed beds 
Fig. 8 Example of unit cell geometry used in discontinuous models 
cumbersome to use. The simple expressions obtained by using 
the gas and packed-sphere models are also close to the ex-
perimental data and are thus good approximations. The 
review by Tien and Drolen (1987) discusses the various 
distribution functions and their applicability. 
Experimental Determination. The radiative characteristics 
of packed beds are determined experimentally by the follow-
ing sequence. First the extinction characteristics are obtained 
from direct transmission measurements. Next, the scattering 
cross section and phase function are obtained by measuring 
the angular distribution of scattered thermal radiation. Final-
ly, the absorption characteristics are inferred from the dif-
ference between the extinction and scattering of the incident 
radiation. The radiation source in the experiment is either a 
laser or glow-bar. An experimental apparatus employing laser 
scattering is schematically depicted in Fig. 6 (Drolen et al., 
1987). Similar setups have been used by Hottel et al. (1971), 
Brewster and Tien (1982a), and Yamada et al. (1986). 
The experimental results consist of transmittance and reflec-
tance data for a planar slab containing the scatterers from the 
particulate bed. Data reduction to yield the desired radiative 
properties is achieved by adopting a suitable radiative transfer 
model. Brewster and Tien (1982a) used the two-flux model 
(Brewster and Tien, 1982b) for the data inversion, yielding the 
following expressions for the transmittance T and reflectance 
R: 
T= — ^ - = cosh (r,L) + — sinh (rjL) 
A L TJ J 
JR = ( l -5
2 ) s inh( r ) L) 
where 
•n = Wa(~oa+
 2 ^ ) ] 1 / 2 > °~a = 2°a. ^ = 2Bas 
and 
J (• 2ir (• 1 (• 0 




-* ' ) (27) 
is the back-scatter fraction. 
Chen and Churchill (1963) used an open-ended tubular elec-
tric furnace as a blackbody source. The test section, comprised 
of packed spheres supported on a screen and the source, was 
placed underneath. Using thermocouples as detectors the 
characteristics of glass, aluminum oxide, steel, and silicon car-
bide spheres, cylinders, and irregular grains were found for 
various source temperatures. Two-flux models, with the inclu-
sion of an emission term, were used for the data inversion. 
Whereas characteristics of packed beds can be measured in 
ex-situ situations, the thermal radiation characteristics of 
fluidized beds have to be measured in-situ, usually to preserve 
the operating conditions. This is achieved by laser scattering 
techniques. Alavizadeh et al. (1984) have designed an instru-
ment for the measurement of the radiative component of heat 
transfer in a high-temperature gas fluidized bed. The design 
uses a silicon window to transmit the radiative flux to a ther-
mopile detector located at the base of a cavity. 
4 Analytical Modeling of Radiative Transfer in 
Packed/Fluidized Beds 
Several methods have been used for modeling radiative 
transfer in packed and fluidized beds. These approaches can 
be classified, according to the modeling of the medium itself, 
into two major groups: discontinuous or discrete models, and 
continuous or pseudocontinuous models. 
In discontinuous or discrete models the medium is con-
sidered as a regular assembly of units or cells of idealized 
geometry, resulting in a simple algebraic formulation of the 
problem. In this case, volume-average radiative properties of 
the medium, determined from the radiative characteristics of 
particles, are used in the equation of transfer. The second ap-
proach visualizes the medium as a random collection of par-
ticles with some number density N/V, a reasonable approx-
imation when the characteristic dimension of the system is 
much larger than the characteristic size of the particles in the 
system. In this case the radiative transfer modeling involves 
either the integro-differential equation of radiative transfer or 
a simplified version of this equation, or Monte-Carlo and/or 
ray-tracing methods. 
A few general comments are in order regarding the models 
that had been proposed to predict the radiative transfer in par-
ticulate systems. Models have been developed to predict 
primarily the transmission of radiation and/or the effective 
radiant conductivity of the particulate medium. Corre-
sponding experiments have been performed to test these two 
different approaches. Of these two major experimental 
methods the measurement of radiation transmittance through 
an evacuated and isothermal bed of spheres is the fundamental 
and by far more reliable method for evaluating theoretical 
models, since these experiments completely isolate the radia-
tion from other modes of heat transfer. An excellent review of 
many models developed to predict radiant conductivity can be 
found in the literature (Vortmeyer, 1978). Here emphasis is 
placed on some of the models for prediction of radiative 
transmission through a particulate medium. Some of the 
models developed to predict radiant conductivity are discussed 
later. 
Discontinuous or Discrete Models. Discontinuous models 
characteristically treat a particulate system as a regular 
assembly of cells or units of idealized geometry such as 
parallel flat plates, close-packed spheres, and cubic-packed 
spheres. In these models the scattering diagram of a unit or 
cell is first determined. Standard resistance network or layer 
theory approaches are then applied to calculate radiation 
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transfer through the system. Vortmeyer (1978) reviews many 
models that fall into this category for predicting radiant con-
ductivity. Figure 8 shows some representative unit-cell 
geometries. 
Chan and Tien (1974a) examined a single cubic cell, which is 
representative of a cubic packed geometry. Using ray-tracing 
techniques and assuming specular surfaces, they calculated the 
optical properties of a single layer based on the fraction of 
rays transmitted, reflected, and absorbed by a single cell. The 
transmittance and reflectance of an TV-layer thick bed were 
then calculated based on single-layer properties with multiple 
reflections and transmissions accounted for by the layer 
theory (similar to the treatment of multiple-pane windows). 
Borodulya and Kovensky (1983) presented a somewhat dif-
ferent unit cell consisting of four quarters of a sphere located 
at each corner of the midplane. Note that in this model the 
spherical sections need not be in contact and thus the volume 
fraction is variable. Rather than using ray tracing they as-
sumed diffuse, isothermal surfaces and calculated view factors 
exactly. A radiative flux was imposed on the bottom of the cell 
and a set of six equations were solved for the transmitted, ab-
sorbed, and reflected fluxes for the single layer. The net prop-
erties of an TV-layer bed were calculated in a similar manner to 
the approach used by Chan and Tien (1974a), which ac-
counted for multiple reflections. 
Kudo et al. (1985) also assumed diffuse spheres. They ex-
amine two different packings, a pyramidal arrangement of 
four spherical octants contained in a cubic cell with one octant 
per diagonal and a cubic cell with sides of length Lc containing 
a sphere of diameter D at its center (LC>D). They suggested 
that the first of these cases is the most dependent scattering 
case and that the second is the most independent scattering. 
Actually they were not examining independent versus depen-
dent scattering. What they did show was the effect of single 
versus multiple scattering on a unit cell basis. The volume 
fraction in their model is variable at the unit cell level as in the 
case of Borodulya and Kovensky (1983). They also allowed for 
global variations in the volume fraction, i.e., cell-to-cell varia-
tions. In contrast to Borodulya and Kovensky (1983), Kudo et 
al. (1985) used a Monte-Carlo technique to calculate the 
reflected, transmitted, and absorbed energy. Results of these 
models will be discussed and compared later. 
Predictions of radiative transfer in packed/fluidized beds 
based on discontinuous or discrete models are expected to be 
very sensitive to the packing geometry assumed. Nevertheless, 
the discontinuous approach is the natural one to apply in 
order to predict radiative transfer in many discrete systems, 
such as nuclear fuel rods, solid-matrix beds, screens, and 
packed beds of low tube-particle diameter ratio, such as the 
packed-bed tubular reactors widely used in the chemical in-
dustry. Careful consideration of the solid particle arrange-
ment and recourse to ray-tracing/Monte-Carlo method or to 
other more complicated methods is then required to predict 
radiative transfer accurately in these systems. Furthermore, 
the modification of the ray-tracing technique to account for 
energy diffracted, especially for intermediate particle size 
parameters, is then required. The application of the theory of 
geometric diffraction, originally developed by Keller (1962), 
to radiative transfer problems deserves special attention. 
Continuous or Pseudocontinuous Models. In this ap-
proach the particulate medium is modeled as a random 
assembly of particle with some number density N/V. The 
medium extinction characteristics can be calculated by a 
Monte-Carlo and/or ray-tracing approach, or by the solution 
of an integro-differential transport equation such as equation 
(1), or a simplified version of this equation, such as the two-
flux model and the diffusion approximation. 
The Monte-Carlo and/or ray-tracing models are best 
represented by the work of Yang et al. (1983) who recently 
presented a novel approach for modeling packed-bed radiative 
transfer. In their model, a randomly packed bed of spheres is 
created, mathematically, using a model that describes the slow 
sequential settling of individual rigid spheres of equal 
diameter, where each sphere must be supported by at least 
three others, and no sphere can overlap. This generates a ran-
dom loose packing with /„ = 0.58. With the sphere centers 
located, a ray tracing is performed in conjunction with Monte-
Carlo techniques, to determine the cumulative distribution 
function. This function represents the probability that a ray 
has interacted with at least one surface and is a function of 
dimensionless distance from a base sphere. For this packing, 
rays are most likely to have their first interaction at about one 
quarter of a sphere diameter. They also found that the mean 
penetration depth is about 0.66 sphere diameter, and that vir-
tually all rays have hit a sphere surface after traveling a 
distance of six diameters. The abovementioned probability in-
formation was then used to perform a ray-tracing analysis on 
thick beds. A ray was projected in a random direction across a 
randomly chosen distance based upon the cumulative distribu-
tion function. The process was then continued by randomly 
choosing the position of a sphere around the endpoint of this 
ray and assuming specular reflections at the sphere surface. 
Results of this model are presented later in comparison with 
those of other models. 
Abbasi and Evans (1982) used the analogy between Kundsen 
diffusion of a gas in a porous solid and radiant transport in a 
packed bed composed of adiabatic, diffusely reflecting 
spheres. They emphasized that the assumption of adiabatic 
pore walls does not necessarily imply that the surfaces are 
totally reflecting. Clearly they were alluding to a balance be-
tween absorbed and emitted energy at the pore walls. 
Each of the models that were previously discussed neglects 
the diffraction contribution by the particles. As discussed 
earlier, this is a reasonable assumption for large a (a>100) 
since the diffracted energy is concentrated in the direction of 
propagation. However, for intermediate and small a the dif-
fracted energy can no longer be considered as part of the 
propagating beam. Thus reflection at the particle surface is 
not the only contributor to the scattered energy; diffraction 
must be considered as well. 
The integro-differential approach involves the solution of 
an equation of transfer as if the medium were a continuum. 
The extinction characteristics of this continuum are based on 
the properties of the discrete particles. Chen and Churchill 
(1963) used a two-flux approximation of the equation of 
transfer to correlate their experimental data for transmission 
of radiation through a packed bed of spheres. These results 
provide a standard for comparison of several of the analytical 
models discussed herein. The equation of transfer under the 
two-flux approximation, assuming a quasi-isotropic phase 
function with diffuse incident flux and no emission, takes the 
following form: 
4 ^ =-(as + Fa)I
++asI- (28) 
- — = - (a, + Fa)/" + WSI
+ (29) 
where the boundary conditions are 
I+(x = 0) = Ii; I~(x = L)=0 (30) 
This set of equations can be solved for I+ and /~ yielding the 
expression for transmittance presented previously, equations 
(24)-(27). 
In contrast to the ray-tracing and Monte-Carlo models, the 
effect of diffraction and transmission can be incorporated in 
equations (26) and (27) through the scattering and absorption 
efficiencies, and the scattering phase function. The two-flux 
model as given by equations (28)-(30) is not always an ac-
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curate approximation, since the model assumes semi-isotropic 
scattering. As shown in Fig. 2, the scattering for large particles 
is highly anisotropic. The results of Brewster and Tien (1982b) 
indicate that for n = 1.21, the simple two-flux model only per-
forms well for a < 1, where the phase function is quasi-
isotropic. Other authors have presented comparisons between 
two-flux and "exact" results as a function of a and optical 
thickness for the same refractive index (Truelove, 1984; 
Fiveland, 1985). Truelove (1984) described a modified two-
flux model for strongly anisotropic forward scattering that ap-
proximates the phase function as the superposition of a 
forward-directed delta function and a linearly anisotropic 
phase function. He showed excellent agreement to the exact 
results over the range of 0.1 < a < 100 and 0.1 < T < 100. 
Chandrasekhar (1960) extended the two-flux model by ap-
proximating the radiation field in terms of a number (N) of 
discrete streams. This reduced the problem to the solution of 
N coupled differential equations. The directions of these 
streams, /z, = cos co,-, are typically chosen so as to correspond 
to the zeros of the Legendre polynomials, PN(ix). The integral 
in equation (1) can then be approximated by Gaussian 
quadrature. The model just discussed is called the method of 
discrete ordinates and can be thought of as the exact solution 
to the problem given a large enough N, say iV> 20. It is best 
applied to problems involving anisotropic scattering and/or 
requiring directional results. A simple algorithm for solving 
the general equation of transfer using discrete ordinates is 
presented by Kumar et al. (1988). Other methods for analyzing 
the radiative transfer equation have been reviewed by Viskan-
ta (1982, 1984) and Menguc and Viskanta (1983). 
The diffusion approximation method greatly simplifies the 
equation of transfer in the case of optically thick media, by 
assuming the radiative transfer to be a diffusion process. In 




where kr is the radiant conductivity. Many different defini-
tions exist for the kr under an equal number of assumptions. 
Wang and Tien (1983) gave the following solution for 
radiative flux assuming a two-flux model for the radiative 





(l/ex,,) + (l/ex,2) - 1 + (1 - « x + 25xwx)acXL 
d\ (32) 
where a> is the scattering albedo, equal to os/oe. In the above 
equation the slab back-scattering fraction B, defined in equa-
tion (27), was used. Originally, Wang and Tien (1983) used the 
particle back-scatter fraction b 
2 f° 
b= -j— Idv. (33) 
However in a multiple-scattering, one-dimensional planar 
geometry, B is the correct choice (Brewster and Tien, 1982b). 
Although equation (32) is far from a general solution to the 
problem, this equation can be used to derive an expression for 
kr. First, assume gray radiative properties and black bound-
aries. This gives the following result: 
a(T\-T\) 
Qr ~~ l + ( l - « + 2flu)<7eL
 ( 3 4 ) 
If the system is optically thick, equation (34) can be approx-
imated as follows: 
71-71 T,-T0 
Qr = (35) ( l - u + 2flw)ffe Ti-T2 L 
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Fig. 9 Experimental data and analytical predictions for the transmit-
tance of a packed bed of steel spheres 
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Equation (37) is equivalent to that used by Chen and Churchill 
(1963). 
The validity of the various models discussed in the previous 
sections is assessed by comparing their results with reliable ex-
perimental data. The experimental results consist of transmit-
tance and radiant conductivity data through packed spheres as 
well as bidirectional transmittance and reflectance data for a 
planar slab containing Mie scatterers. 
By far the most quoted experimental data relating to radiant 
transport in packed beds are those of Chen and Churchill 
(1963). Many of the authors previously referenced have com-
pared results of their respective models to these experimental 
data. This experiment was the first to isolate the radiant mode 
of heat transfer from the convective and conductive modes. 
This was achieved by illuminating a bed of spheres (2-16 
diameters deep) with a modulated, high-temperature 
(700-1366 K), blackbody source and measuring the transmit-
ted energy via a spectrally independent detector. Four dif-
ferent materials in various shapes and sizes were tested (car-
bon steel, boro-silicate glass, A1203, and SiC). For the pur-
pose of comparison only two of these materials are discussed 
here, polished carbon steel spheres with Z) = 4.76 mm and 
/„ = 0.60, and boro-silicate glass spheres with 7J> = 5 mm and 
/„ = 0.61. 
First examine the results of eight different analytical models 
for the steel spheres, as shown in Fig. 9. Note that the results 
of Kudo et al. (1985) ("dependent") and those of Abbasi and 
Evans (1982) ("totally reflecting") are in poor agreement with 
the data. The two Monte Carlo models that seem to work the 
best in this case are those of Yang et al. (1983) and Kudo et al. 
(1985) ("independent," Lc/D= 10). Of these two models, that 
of Yang et al. (1983) is far more physical since they use 
/„ = 0.58, whereas at Lc/D= 10 the Kudo et al. model gives a 
volume fraction of 0.004. This is clearly inconsistent with the 
conditions of Chen and Churchill (1963) experiments. 
Brewster and Tien (1982b) used equations (12) and (13), 
suggested by Siegel and Howell (1981), for Qa, Qs and the 
1238/Vol. 110, NOVEMBER 1988 Transactions of the ASME 
Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Itr4 
PACKED BED TRANSMITTANCE 
EXPERIMENT 
GLASS SPHERES 
5»i DIA.. fv-9.4 






J i I 
Fig. 10 Experimental data and analytical predictions for the transmit-
tance of a packed bed of glass spheres 
phase function. The phase function used is for a diffusely 
reflecting sphere and the emittance used was e = 0.4 as given by 
Chen and Churchill (1963). It is quite interesting that such a 
simple model matches the data so closely. 
Drolen and Tien (1987) did not use e = 0.4 to approximate 
Qa and Qs, since it was not actually measured by Chen and 
Churchill (1963). Instead, Mie scattering calculations were 
performed using X = Xmax and the n and k values of iron pro-
vided by Siegel and Howell (1981), n=1.51, K = 1 . 6 3 at 
X = 0.589 /xm. These were scaled to Xmax = 2.3 /xm using the 
Hagen-Rubens formula 
n = K- =V0.003A„/r„ (38) 
This resulted in n = « = 3.0. For the size parameter a = 6505, 
Mie scattering theory yields Q„ = 0.50, Q s=1.52, and 
5 = 0.17. The two-flux parameters were then calculated using 
equations (26) and (27). The results of this model fit the ex-
perimental data slightly better than those of Brewster and Tien 
(1982b). The greatest difficulty in calculating scattering and 
absorption coefficients directly is the paucity of accurate n 
and K data for the appropriate temperature and wavelength. 
The values of Fe and 5j calculated using Mie scattering 
theory, ~os = 91.1 m
_ 1 and !Ta = 190.0 m"
1 , can be compared to 
those correlated by Chen and Churchill (1963), â  = 1056 m " ' 
and (T0 = 28.5 m
_ 1 . Although these values of Oj and ~oa are 
radically different, they give very similar results. Because of 
this ambiguity, the practice of correlating transmittance data 
using equation (24) can lead to nonphysical results. 
Packed-bed transmittance data for the 5 mm glass spheres 
are shown in Fig. 10. Brewster and Tien (1982a) achieved an 
excellent prediction of these results based on e = 0.8 and 
5 = 0.265 (from geometric optics) for X<2.7 fim, and e = 0.9 
and 5 = 0.5 for X>2.7 /xm. This appears to be the only 
available prediction of the glass-sphere case. Perhaps Monte-
Carlo models have not been used due to the complexity of 
treating semitransparent particles. 
As discussed previously, radiation transport through op-
tically thick media, such as packed beds, can be treated as a 
diffusion process for which a radiant conductivity can be 
defined. Many definitions for kr have been suggested, e.g., 
equations (37), and can be put in the form 
kr = \EDa1%l (39) 
where E, the exchange factor, varies from model to model. 
Vortmeyer (1978) discussed eight of these models, four of 
which are given in Table 5. The first of these is the Argo and 
Table 5 Radiant conductivity exchange factor E 
Author 
Kasparek 
Argo and Smith (1953) 
Schotte (1960) 
Chen and Churchill (1963) 























Smith (1953) model, which treats a packed bed of spheres as 
an alternating series of solid and gas layers, perpendicular to 
the direction of transfer. If the separation between layers is 





A different model proposed by Schotte (1960) approximates 
the exchange factor by the particle emissivity. He justified this 
by assuming that the irregular surface, presented by the sur-
rounding particles, appears essentially black. 
Vortmeyer (1978) modified the plane-layer model of Argo 
and Smith (1953) to incorporate transmission of energy 
through void spaces in the layer. The voids were introduced 
through the radiation transmission number P, which is a func-
tion of the volume fraction and the particle emissivity. His ex-
pression for the radiation exchange factor is as follows: 
E = 
2P + e(l-P) 
2 ( l - P ) - e ( l - P ) 
(41) 
He also stated that for/„ = 0.6 the parameter is approximately 
0.1. 
Each of these expressions was used to predict two ex-
perimentally correlated values of kr given by Kasparek, as 
described by Vortmeyer (1978). The Kasparek experiment 
used numerous planar layers of welded steel spheres. The 
layers were oriented perpendicular to the direction of heat 
transfer. To eliminate conduction no direct contact was 
allowed between the adjacent layers. Convection was 
eliminated by performing the experiment in a vacuum. 
Kasparek's experimental results are shown at the top of Table 
5 followed by the predictions of each of the abovementioned 
models. The two cases examined were polished steel spheres 
(e = 0.35) and chromium-oxide coated spheres (e = 0.85). In 
each case, the diameter of the spheres was 1 cm and the 
volume fraction was 0.6. Equations (26) and (27) were used to 
calculate oa and os in the two-flux model. The values of Qa 
and Qs and B for the steel spheres were calculated from the 
Mie theory, whereas for the chromium-oxide spheres equa-
tions (12) and (13) were used. The two-heat model predicts 
consistently high values of E. Furthermore, as the emittance is 
increased the experimental data indicate an increase in E, 
whereas the two-flux model predicts a decrease. In the two-
flux model, the individual spheres are assumed to be isother-
mal and scattering independently. These may be poor assump-
tions for welded-steel spheres. Vortmeyer's (1978) model ap-
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pears to give the best predictions while Schotte's (1960) ex-
tremely simple model gives surprisingly good results. 
5 Radiation Interaction With Other Heat Transfer 
Modes 
The role of thermal radiation in gas-particulate systems is 
of major importance in the design of fluidized beds, packed 
beds, catalytic reactors, and many other advanced energy con-
version systems, especially at high temperatures. The formula-
tion of the combined conduction/radiation and convec-
tion/radiation heat transfer problem and its solution are quite 
complex due to the different nature of thermal radiation when 
compared with the local and differential characteristics of dif-
fusion and convection phenomena. Rigorous calculation of 
the general heat transfer problem requires the solution of the 
energy equation (4) in conjunction with the equation of 
radiative transfer given by equation (1), and their boundary 
conditions. 
Equations (l)-(4) are all formulated in terms of volumetric-
averaged variables and are coupled through temperature. This 
set of equations is a highly nonlinear system of differential 
and integro-differential equations and it is a formidable task 
even to attempt a numerical solution. The general equation of 
radiative transfer alone has been the subject of many in-
vestigations, with several approximate methods being pro-
posed for its solution (Chandrasekhar, 1960; Siegel and 
Howell, 1981; Viskanta, 1984; Menguc and Viskanta, 1983). 
An iterative method or a variant of this method has been tradi-
tionally used to solve the coupled energy and radiative transfer 
equation. Here a temperature profile is assumed and used in 
equation (3) to calculate the divergence of the radiative heat 
flux, this being then substituted in equation (4) for 
recalculating temperature distributions. The solution of these 
complex problems has been substantially facilitated with the 
recent development of the Differential-Disctete-Ordinate 
(DDO) method (Kumar et al., 1988) for solving the general 
equation of radiative transfer. This powerful but simple 
method allows the simultaneous solution of equations (l)-(4) 
in a direct and computationally efficient way. The method 
uses a discrete-ordinate technique to reduce the integro-
differential equation (1) to a system of ordinary differential 
equations. The resulting set of coupled differential equations 
is then solved utilizing existing software routines. 
Many engineering applications require a simple yet approx-
imate method for modeling the radiative transfer part of the 
problem. This has motivated the development of many 
simplified versions of the equation of transfer (Deissler, 1964; 
Rosseland, 1936). The utility of these approximate methods, 
however, is still highly limited. 
Radiation in packed and fluidized beds brings up additional 
challenging aspects in the analysis. Difficulties in analyzing 
packed and fluidized beds arise in two major areas: the 
development of a radiation transfer model and the corre-
sponding radiative properties for the model, and the develop-
ment of a heat conduction and/or convection model with 
properly determined thermophysical properties. 
Combined Conduction and Radiation. Heat transfer by 
simultaneous conduction and radiation between two reflecting 
surfaces with an intervening medium that absorbs, emits, and 
scatters thermal radiation is a problem of considerable prac-
tical importance in stagnant packed beds such as microsphere 
insulation and nuclear fuel rods. 
The interaction of radiation with conduction for an absorb-
ing but nonscattering medium has been well reported in the 
literature (Viskanta, 1982) where the effects of boundary 
emissivities, radiation to conduction parameter, optical 
thickness, and wall temperature ratio were investigated. The 
combined conduction and radiation problem in a gray absorb-
ing and isotropic scattering medium bounded by two infinite 
parallel planes at constant temperature was parametrically 
studied by Viskanta (1982). He studied the effect of various 
governing parameters and reported exact numerical solutions 
that became benchmark cases. Similar numerical solutions to 
the same problem, but in an absorbing, emitting, and 
anisotropic scattering medium, were reported by Yuen and 
Wong (1980). 
Earlier Bergquam and Seban (1971) took another approach 
using the two-flux model for the radiation contribution to the 
total heat transfer flux. Their results show that the total heat 
transfer flux can be adequately predicted using the two-flux 
model instead of the equation of transfer in one-dimensional 
conduction/radiation problems. 
Chan and Tien (1974b) analyzed combined conduction and 
radiation through a bed of packed spheres bounded by two in-
finite plane surfaces at different temperatures. They modeled 
the medium as a continuum with effective thermophysical 
properties. Their analysis involves the determination of the ef-
fective thermophysical properties of the medium such as the 
effective thermal conductivity, and the effective absorption 
and scattering coefficients in terms of the material properties 
and geometric characteristics of the medium. The solution of 
the two-flux equations together with the energy equation is 
then used to predict the thermal effectiveness of a slab of 
microspheres and the prediction compares favorably with ex-
perimental data of Cunnington and Tien (1973). The effective 
conductance and the radiation properties of the medium were 
determined from a simple-cubic packing model. For the range 
of system parameters evaluated, the effective thermal conduc-
tivity of the medium was found to be independent of the in-
sulation thickness, indicating that optically thick conditions 
existed inside the medium. The effect of particle size and parti-
cle emissivities was also investigated. It was shown that ther-
mal radiation increases with increasing particle diameter and 
increasing particle emissivities, in agreement with experiments 
of Cunnington and Tien (1973). 
Similar results were obtained by Vortmeyer (1974) using the 
diffusion approximation for an optical thick medium. The 
radiation exchange factor of equation (38), required for the 
determination of the radiant conductivity through equation 
(40), was derived by modifying the plane-layer model of Argo 
and Smith (1953) to incorporate transmission of energy 
through voids in the layer. They stated that the parameter P in 
equation (41) is a function of bed porosity and emissivity of 
the particle and that in a packed bed an average value for this 
parameter is 0.1. 
Combined Convection and Radiation. The solution of 
combined convection and radiation in a particulate medium is 
even more complicated than the previous cases because of the 
difficulties in the modeling of fluid and particle motion in 
these systems, particularly in fluidized beds. Fluidized beds 
have remarkable heat transfer characteristics and have been 
employed in many applications such as coal combustors and 
catalytic reactors. Gas and particle conduction, gas convec-
tion, and gas and particle radiation render the heat transfer 
from the fluidized bed to an immersed surface a very complex 
phenomenon. The heat transfer coefficients measured are 
much higher than those for a single-phase (gas) case. To a first 
approximation, the heat transfer can be assumed to be equal 
to the resultant contribution from conduction, convection, 
and radiation, each acting separately. 
The modeling of heat transfer from a fluidized bed to an im-
mersed surface has traditionally followed a mechanistic ap-
proach. The packed model originally used by Mickley et al. 
(1955) has been generally accepted as an explanation for the 
much higher heat transfer rates. Many variants of the packed 
model have been proposed in order to match with experimen-
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tal data (Saxena et al., 1978). Glicksman and Decker (1982) 
have pointed out some of the limitations of this model. 
Several studies for high-temperature fluidized beds, where 
thermal radiation becomes significant, have recently been 
presented in the literature (Flamant and Menigault, 1987; 
Glicksman and Decker, 1982; Renzhang et al., 1987; 
Goshayeshi et al., 1986). Difficulties in analyzing experimen-
tal data to determine the conditions at which thermal radiation 
becomes important arise due to variations in the conductive 
and convective heat flux with temperature as well as from the 
large number of variables involved. However, all these studies 
agree that thermal radiation becomes an important mode of 
heat transfer in fluidized beds at temperatures above 750°C. 
The understanding of convection heat transfer in packed 
beds has developed substantially in recent years. Theoretical 
models that include wall porosity-variation effects and inertia 
effects (non-Darcy effects) have yielded results in excellent 
agreement with experiment (Hunt and Tien, 1987). The prob-
lems of combined convection and radiation in these systems 
have not been fully investigated. However, this should not 
present major difficulties. In a recent experimental study 
reported by Harris and Lenz (1985), conduction, convection, 
and radiation are all important. 
Heat transfer in internal flows of gases and solid or liquid 
particles is of increasing importance in engineering systems 
such as furnaces, combustion chambers, and advanced solar 
collector systems. Much of the work in this area has been 
oriented to numerical investigations on the interaction of these 
heat transfer modes. Chawla and Chan (1980) studied the case 
of laminar flow between parallel plates with isotropic scatter-
ing. Azad and Modest (1981) investigated the interaction of 
thermal radiation with conduction and convection in thermal-
ly developing gas-particulate turbulent flow in a circular tube 
with black walls. The numerical investigation was carried out 
for a gray gas and absorbing, emitting, and anisotropically 
scattering particulate medium. The nongray gas case was 
recently investigated by Tabanfar et al. (1987). Very little ex-
perimental information, however, is available at this time. 
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